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~-~ .. ABSTRACT 
This paper contains a review of the literature concentrat~ng on 
·the ·definition of paramet:e:rs in periodic reverse plating and s11mma-
. . 
rizing their ·effects in copper acid p1ating bathe~.•, . Mechanisms for 
. ' 
these -~ffec.ts are reviewed ~d expanded upon. A· study, of peri.oqic · 
• 
. ' . 
J 
..,.: 
-~- .·• 
reverse plating in the cupric ·riuoborate plating bath using a· hi-gh 
forward current density was undertaken. Comparisons between direct 
current plated deposits and periodic ·reverse plated copper were m&de 
.·' • 
on two main bases. The first basis showed the effects on the confor-
I 
mation .of copper deposits. Whereas no direct current density resulted 
~ . ' . 
in the positive leveling of an irr_egular s.urf'ace, leV! ling was 
~ 
achieved at many periodic reverse cyc1es. Correlations etween the 
' 
cycle parameters : relative surface, frequency and current density 
ratio and leveling were made. Percent leveling was found to be almost 
indepencient of fre·quency over the range of ·2 to 20 cycles per minute. 
Percent leveling was found to increase almost linearly from -66% to 
+80% as ·relative surrace was increased from 10 :0 ( direct current) to 
10 :9. Similar correla~s were made between these cycle parameters 
and throwing power into blind holes and surface roughness , which re-
. 
vealed that both of these can also be improved over direct current 
plating by periodic reverse plating • 
The second basis of comparison gave the eff'e~ts on mechanical and 
physical properties of copper deposits. The results showed that 
periodic reverse pla.t-ed deposits were w.e~er but more ductile than the . 
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400 ASF direct current deposit whose prope"rties ·were: · UTS 52,400 psi i 
final elongation 10.1%. Incr~asing the relative surface from··10:2 to 
-. 
10: 9 resulted in lowering the . UTS from 57,800 psi. to 33, 700 psi while 
"·· ... 
. "' . 
this in·creased its. per.cent. final elongation from 10.·?% to ??-2%. In- ... 
• 
. . 
.. 
< 
creasing frequency from 2 to 20 cycle per· minute resulte~ in a 10.,000 
. ' 
•. ·t , ·1 
. 
psi increase in UTS . and. a 7. 4% ·_ decrease . in final elongatiqn. These 
results are· shown to arise f'rom the effects of peri-odic reverse current 
on the internal. stress and 
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structure of the copper deposits • 
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Electroplated. copper is widely· used both in electroforming 
' . 
\. 
parts and electroplati.ng printed circuit boards in the· elec-
tronics industry. With the advent of additive circuit 
technology-, a copper plati~g system capable of 'Ulliformly 
· producing a complex circuit pattern, with. plated thr~ugh~h.oles, 
' at a high plati_ng rate is desired. Thus copper deposits with 
specific mechanical properties and having high electrical 
~ 
conductivity and good deposit appearance are sought. These 
' . 
deposits are currently obtained by employi~g several plati~g 
bath types as well as a variety of additives and plati~g 
conditions. 
It would be. desirable to .have one bath with no o_rganic 
additive which is easily maintained, long-lived, and capable of 
producing deposits having a wide range of physical properties. 
' 
It would further be advant_ageous for this bath td··be able to 
obtain good throwing power and/or leveling. A copper fluoborate. 
bath used with a periodically reversed current waveform may be 
such a·plating system. 
B. GOALS .. 
This paper explores Periodic Revers·e (P.R.)- Plat-i_ng in the 
• 
copper fluoborate (cu++(BF4)2) system. The variables of P.R. 
plating are examined with respect to meani~g and previous range 
.... 
of variation. The theories of the influence of P.R. current on J 
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on throwing power and pbys·ical properties are reviewed and 
.expanded upon. Past work reveali:r1g hov the· propert·ies o·t 
deposits from copper acid baths· are affected by P.R~ plating 
. . 
'? 
are also reviewed • 
. ' 
· The major portion of·this thesis will report the effects 
of manipulating the P.R. plating variables in the Cu++(BF4)2 
• 
system on the. followi_ng properties: 
, • ...;,, f. "' I 
• 
• 
·Leveling 
I • 
Surface. Roilgbness 
Throwi~g Power 
Structure 
Stre~gth 
Ductility 
Toughness 
Hardness 
Resistivity 
-
, 
~-. 
The results will be discussed·· and contrasted to previous 
findings for the cupric sulfate and copper fluoborate systems. 
Experikental details are also presented. 
C. WHAT IS PERIODIC REVERSE PLATING 
··-·· ·-
Periodic Reverse Plating is a means of plati~g in which the· 
polarity of the plating current is reversed for portions of the 
plating time. Upon reversal the work piece is switched from a 
cathodic plating situation to a anodic etching situation. 
. . 
' 
• 
I 
.. 
•. 
._. 
• 
Reversal occurs a large ninnber of times dlJ!ing one electroplating · 
operation and can ~e accompli-shed .by employi~g a host o:r waveforms.· 
• •• 
• 
D. HOW IS IT USEFUL 
'',I·~. 
Periodic Re-vg_rse Plati;ng is potentially usetu1 from a· n1imbe:r 
• 
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or standpoin·ts. Dini9 points out·several of the advantages. 
'. 
These 
- -- __ ,. ........ --.. --------~--<·---·-
. .. 
include deposits of higher densities and greater uniformity or· 
.. 
thickness, an increased efficiency on the plattng po~tion of the 
cycle, ang. an increase in limiting current densiti·es. 20 Periodic 
I 
. ' 
.. · Reverse Plating has · also been ~hown to alter structure and t_he · 
mechanical and.electrical properties ·of deposits from copper 
· • d. b +h 4,· 5,10,13,17 · d • · ult t b. +b' 9,10,11,16·· 
· cyani e · a.., s an · cupric s a. e · a.., s. . 
. 
. 
E. .PARAMETERS OF PERIODIC REVERSE WAVEFORM 
1. Frequency: . ... 
The frequency of a P.R. cycle is defined as the total number of ·. 
cycles per unit time. The waveform in Fig\lre 1 depicts ~ycle. The 
first utilization of P.R. current to deposit metals was macfe by 
Rosing1 in 1896. It was not until Jernstedt1 ' 2 in 1945 a,rri.ved at 
the basic imp!ovement of deplating at least ten percent of the previ-
. 
ously deposited metal that frequencies below about 10 cycles per 
second were used. At low frequencies, the mech.anism of the influence 
of P.R. current can be expected to change from a prima-ry effect like 
' . 
primary current distribution ·to a secondary long term ef~ect like po-
larization. Much 
4Cycles per minute 
of the more recent work is performed in the 1-100 
. 
2,5,6,8,9,13,15,16,23 range. · 
2. Geometric 1-Taveform: 
Geometric Waveform refers to the shape of the current· versus· 
~ 
. . 
time wave. Figure 1 shows- -a symmetric . squar~ ~ave. Whether the· 
-~· r 
waveform is square or sineusoi·dal is relatively unimp·ortan~ ~ 
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especially at high frequencies. At low frequencies, the current 's 
polarity -is usually changed by mechanical ·switching.· -·"This re-
, 
. 
" sults in a square wave. 
The s~try ·of the wav.:~f'orm refers to the relative magnitude 
.. 
of the forward and reverse cur-rent. An asyrurnetrical- wave·form may 
' ' . 
influence throwing power, ~specially if the reverse current is -made 
• 
' I.._~ I 
. 
to enter th~ electroplating r~gion.9,l9 
. ' ' ~ . " 
the waveform is ~ven in Figure 1 as the Current Density Ratio. 
.-( C .n·. Ratio) This ·ratio is one for a- symmetric waveform and less 
. 
than one for higher reverse current densities. The current density 
ratio may be represented by a 400 :1000 where the n11mbers represent 
the forward and reverse current densities in amps per ·square foot 
(ASF) respectively • 
• 
++ Improved uniformity was obtained in the ?u (BF4)2 system using 
a- C.D. Ratio of 2:5 .• 15 A stepped wave guide electroformed-from a 
cupric sulfate bath' showed little edge build up when P.-R. plated 
0 
• 24 
using C.D. Ratio of 2 :3. Most P.R. Plating :though is done at a 
.C.D. Ratio of 1:1. 
3. Relative Surface: 
The Relative Surface is shown in·Figure 1 to be the ratio of 
anodic coulombs to. catho·dic coulombs expressed as a decimal. This 
ratio can be varied between a value of · zero for D. C. and one for no 
~et_ copper deposited. Relative surface will also be represented by 
' . 
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10 :5, where the n11mbers represent. rel·ative forward -and reverse ~ _- . . •: .. 
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coul11mbs respectively. A given ratio can be obtaine·d·.by adjusting 
r .. • 
the ano~c time (ta) and the cathodic time (tc) and by adjusti!g 
the current density ratio. Figure 2 illustrates waveforms ot· 
' 
twelve second duration. The ta and tc ~adjusted ·~n, line one to 
obtain the ·relati.ve· surface indicated ·on .symmetfie wavefo~, .,whose 
C.D. Ratio is 400:400. 
/' 
Line two shows the further adjustment ot ta .and tc to maintain 
\ 
! 
. 
. 
these relative surfaces when the C.D. Ratio becomes 400:1000 • 
. Choosi~g the· proper relative surface is the most impo_rtant 
factor in arriving at_levelingA11d good throwing power.1 ,9 ~e 
most common relative surface ratios used lie between 10:1 and 
l,5,6~9,15,?3 10: 5. · 
4. £ifficiency: 
. If the assumption is made t.hat ~he cathodic and anodic 
I 
• 
efficiencies in a eu:++(BF4) 2 plating bath are 100%, the enerQ" 
efficiency of a P.R. cycle can be give~ by: 
(Cf x tc) - (Gr-x ta) x 100 
(Cf x tc) + (Cr x ta) 
Where (;!f equals current forward and Cr equals current reverse. 
The time efficiency would be given by: 
. (Cf .x,\tc) - (Cr x ta~ x 100 
· · Cf x · (ta + tc . · 
Fi~e 2. has the time efficiencies appearing inmedi-ately below t~e .· .· 
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waveform. It's .. easi1.y seen that as· ... the relati-ve surfac-e .. increases 
the efficiency decreases. The time efficiency for the symmetrical 
· waveform ( top line, Figure 2) is · equa;L to t·he energy efficiency for 
... 
that relative surface regardless of .C.D. Ratio and frequency. Thus 
a decrease in C.D. Ratio can increase the time efficien~y pt not 
-the energy efficiency. . · 
The equivalent· current density· is defined as t~c-urrent 
density which when plated with D.C., for _the same time as the P.R. 
./ 
. 
operation, would yield the same thickness of deposit. 
. . 
Figure 2 gj:ves the equivalent current density for each ·cycle 
if plated using the forward to reverse current .ratio indicated to 
the right. 
· F. MECHANIS?-18 OF INFLUENCE ON THROWING POWER 
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The mechanisms of influence· which lead to leveli~g, structural 
; 
ch~ge·s and property changes appear to be different· for copper- cyanide 
and copper acid baths. Spiro13 explains that good t~rowing power 
in the cyanide bath results because cathode efficiency decreases 
markedly at high current densities. During the cathodic P.R. 
half cycle projections merely generate hydroge_n. Since the etching 
efficiency does- not fall off as fast as the plating efficiency, 
. 
duri~g the anodic half-cycle the peaks etch at a maximum rate. 
The net result is a leveling action, and the throwing power is 
improved over that of D.C. The Law of M~s Action resulting from . 
• , . C • . : . 
depletion of ionized copper complexmay"also play aro1e. 
• 
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· In copper aci·d systems the· cathodic and anodic efficiencies 
. are both n.early 100%. Le.veling must then occur by another process. 
. 1 . ' 
Baynes. stated th~~- ~he effects or P.R. on the cupric sulfate sys-· 
tem are only slightly ben~t!ci~l becau~e its ·influence on current 
efficiency is negligible. ·Since the system unqer study is ·a copper · 
• 
acid-System and since the mechanism of inflyence is seemi~gly dit-
' ' • 
terent from that in~ ~opper cy·an!ae the remai_nder ot the introduc-
tion will be limited to P.R. plati~g in copper acid systems. 
In a copper acid system, if' leveling is to occur more copper 
·must be plated in the. ;recess-es than on the peaks. _Since pe$.ks 
.. 
and recesses both plate at 100% ·efficiency leveling can only 
. 
result if a higher aver_age current density is reached in the ~cess. 
During the anodic part of the cycle etching takes place faster at 
the.peaks th.an at the·recesses because the primary current distri-
bution leads to 
ce-sses may also 
higher current densities. The solution in the re-
reach full concentratitn polarization as the solu-
bility limit for the copper is reached thereby further slowipg 
. . 
the recess etching rate, whereas the solution near the peaks may 
not polarize since agitation is present. Upon current revers·al · to 
• 
cathodic, the recesse·s could plate at a higher average current den-
sity than they would under D. C. piating. Polarization would occur 
less quickly than at the peaks because · of the increased concentra-· . 
• 
tion and because of' the higher primary current distribution at, the 
• 
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peaks. ' •', C j '• •• . _.,., 
·' 1 • 
I ' ,, 
. ,· . . 
' ·: '• ·,. : .. 
' . . -' •' 
' : ·. . ' 
12: ' 
. ' 
,. . 
• 'p '.''·.:,. ,' '. 
.. ' 
. ..··· 
... · .... ·_ 
I' ·,,, ·: , 
I,, . 
j ' 
. '' 
j 
i 
~ 
J 
~ 
' ~ ~ . 
1 , 
?~ 
,, 
' 
' 
,, 
I 
,· ,, 
:) 
' 
-~ 
j 
.. 
·.• 
,; 
j 
,, 
I 
j 
'· 
~ 
• .. j 
1 
• 
' 
1 
:~ 
I 
• 
•· '. 
•• 
:, .• 
• 
• 
,. 
• I• 
. , i' 
" 
... . . 
I . 
i ) .. 
. 
.: ... '_._.~ .... - ., 
• I " , 
. /" The net effect would be that the surface would be roughened 
.. 
less quickly wi.th P.R. :slating than with DC plating. This theory 
-. 
would predict that as the relative surface.·was. increased,. the net 
amount of c~pper reduced in the reces~ could be greater .than ·on 
. . . 
. 
. 
th:e peaks. and·. leveli:11-g would occur.· .Henz,-ickson15 suggests that· 1·:r 
' ;-, 
the time necessary fo~ full concentr~tion polarization ·at the peaks 
was less than tc but greater than ta -leveling would··occur. This 
' 
theqry would also predict that as frequency was inc:ueased to the 
point where the. ta is less than the ·r_ecess polarization time "the 
mechanism of leveling would not be as effective as it is at lower 
frequencies. It would also imply that increased agit~tion would 
improve leveling. 
. . 4 N. N. Bibikov and N. P. Fodetev found copper deposited from 
a sulfate solution to be smoother when P.R. plated than when D.C. 
plated. They explained it· by the· removal of cathodic polarization 
by the anodic portion of the P.R. cycle which results in activation 
o:f the electrode. Baynes1 agrees the removal of polarizat-ion is 
..... . 
! 
the primary ef':f'ect of P.R. current , but adds that at low f'reque~cies 
dissolution of' metal in the anodic half-cycle is of primary impor-
tance. He also notes that studies o·f cupric sulfate plating with 
high frequency P.R. have shown little ;promise •. Hickel and Rothbaum.9 
'\ 
confirmed that metal ions are disolved adjacent· to the workpiece 
during the anodic half-cyc:1e and that this .,~s~ts in an increase in 
·the current at which· the met·al ·ions :can be._plated during the 
13 
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cathodic halt-cycle. Henrickso~l5· did find that the effect ot 
increasing agitation on P.R. plated copper conductor strips, was to 
increase dishing of the edge. 
G. EFF'ECT ON. SMOOTHING 
.. 
• , I .~ 
·rn plating it is· generally true that· macro and micro throwing-
p$Wer' tend to change in opposite directi~ns15 so that an improve-
menf in one ~ill'-tend to reduce the. other. Many workers have 
found that P.R. plating in cupric sulfate solution showed the same 
rate of roughening. as D.C. plating.l,9 
. Improved throwing power has_ be~n obtained by the utilization 
of periodically reversed.current in sulfate.9 P.R.·plating has 
resulted in greater uniformity in the thickness of electrotormed 
• 
· 2 9 23 
parts in the electronics industry. ' ' . 
Henrickson15 ·reduced edge buildup on plated electrical con-
++ ductors by employing P.R. current in the Cu (BF4) 2 system. 
H. EF'P'ECT ON STRUCTURE 
V. V. Ostrovmov and I. F. Plotnikova6,_found that copper 
deposits formed using P.R. current in a sulfate bath consisted 
of fibrous crystallites oriented perpendicular to the.base metal 
plane. No layered structure could be detected. The structure 
\ 
maintained its orientation better than an equi Valent :D. C. plated · 
structure. Thi'S . is attributed to the. formation of a. thin oxide 
• 
• •,·,r C' • 
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layer. during, the anodic. portion of the· cycle which when >reduced 1~~ ··_ 
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the cathodic. portion aids in maintaining . the prev:j.ous orientation. 
J. J. Q' Conner and his co..:.workers 8 studied the effect of P.R. . ',,. - •. .... -., .... : ..... 
. .. ~. --- -··- -, .......... -,. ;._ ,._ ........ _ plating on the electrodeposition o~_copper onto copper single .. 
.crystals. They folllld the degree ·of· crystalline perfection to. be . 
about· th·e same as that for the D._c •. · 'and discovered the platelet· 
' • • 1) 
... ' ' ~- ---- _.,. - . .. . .. '- ·" - . - . : ' 
' , <l' iJ 
~ . 
size to .be· larger. They argued t~at fewer growth centers· are 
formed if atqms improperly, deposited are more. susceptible to " ' 
removal · during the reverse portion of the cycle. Hickel and 
. . 
. 
. .. 9 . . ~ Rothbaum found that P.R. changes structure from. co~timnar . to 
broken col~ structure. · Henrickson15 saw no change in. 
structure when P.R. plating from a cu++(BF4) 2 bath. 
•. 
I. · EF1lt1ECTS ON INTERNAL STRESS · 
. . .
• 
·, 
The effect of P.R. current on internal stress _of copper from 
.., 
~ 
' 2 ' . 
a sulfate· bath we:re ,fir.s·t· rep9rted··by P. M. WaJker~ The use of 
. ,· 
' . oli •• \ 
• 
. . . . . .... . . " 
.. . ~ ... . \. .. _ . 
a P.R. cycle at 36 ASF substantially· re.duce9, tbe tensii·e. s-tre~s. of . 
' 
. • I .• 
the deposit. Fedotev 8.lld IQloh.eke_ViCb:5 . obSe;v:ed a decreas~ in .. . _· !' ii' 
,- • • • - f "~ 
' 
.. 
, 
.stress from·D.C. with P.R. at. low current··den~ities, but re.p.orted. ·. 
" •. • 
. ' I ' • • 
~ . . 
• 
. ' • • • • • ' • . h • • -.,. • - ... • 
a marked· increase in internal t.enf?ile -stress at higher cur.rent 
.. ' . i . • 
. , I , J I 
densities. They at~ributed th~ stress to the -d~position of ·.an 
. 
. 
initial low derisity "quasi-amol'phous"layer followed· by more .. · 
perfect, more dense layers. The .. tende~cy for upper layers to 
contract is hindered by the ·lower layers causing a total in~ernal 
' 
stress.,. The increase in stress with P .• R. plating· is reported to 
' 
be due to the increased number of crystallites, each of which 
( .. 
. . ' "' .. . ...... " '" '... . ' ~ .. . . ·, ,.. . ·, . . \,, . 
contributes· to the total tensile force. 
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The main difference ·1n conditions used.by Walker and Fedotev .. 
· was that Walker' s P.R. cycle removed 40% niore copper during the 
. ' - .... -, ··- -,_ . 
.. . 
. anodic half' of the cycle than Fedotev's. This _suggests that the 
effect of P.R. pl_ating on internal stress may be dependent on the 
-,---·•·.•·'- '"• ;. • -,. . ._._,,_"."'_• _ _,.~:,,,., "'-'•"•·· 
. . 
cycle c:tiosen.Bentley·and Hall2 also.concluded that' P.R~·plating 
reduced stress in copper ~plated from· sulf'a~e_ . baths. 
J. EFFECTS ON HARDNES·S 
. ' 
~ 8 . 
Both .N. N. Bibikov and V. V. Ostrovmov found that P.R·. 
,. 
plating resulted in lower hardness than D.C. for copper plated 
from· sulfate baths. 
_of current density. 
. ~~·-
In each case hardness was almost ind~endent 
Lamb17 reviewed data f'or copper plate·d from 
'· 
the fluoborate system and found hardness increased with increasing· 
current dens.ity. No data on the effects of' P.R. current on 
hardness were available from Lamb's review~ 
K. EFFECTS ON MECHANICAL·PROPERTIES Q 
P. R. ·plating in a· sulf'a.te bath was compared to direct plating 
by Lamb.l7 It was discovered that by using a relative surface of 
10:4, the tensile strength, yield strength, and hardness can be 
significantly increased. The author also concluded that elongation .. 
~ . 
varies inversely with tensile strength ··for P.R. deposits. 
The tensile strength of' P.R. plated copper was not as sus-
' 
ceptible to changes during annealing as were those of ·n. C. plated 
deposits. 
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, · ... - !!'he mec'hanical properties ot copper deposited from th; Cu++(BF4)2 
bath are reported to vary greatly. At 300 ASF, copper exhibiting a 
tensile strength of 32.5 KS! at 3.2% elongation in a two inc~ gauge 
. 
. 
length was obtained. Henrickson14 found the "tensile strength of .4 
.. 
' ' . ++ . . ' . '""·-~-·· m1··copper fo:i-1 plated at 400 ·ASF from a ~u (BF4)2 bath to be ~8 KSI-. .. · . ' . 
He ~ttributed this high strength to stress in the- deposit .• 
Annealing substantiated this view. 
'• Evidence seems to,point ~o 11 incr~ase in tensile strength, and 
. ., 
-
' ' ' 
. an increase in internal stress with higher current densities ~<;:>r the 
++{ ) . Cu BF 4 2 system. 
.. 
L. EFFECT ON RESISTIVITY 
. 
-P.R. Plating in the cupric· sulfate bath causes a· slight inc·rease 
' 
in resistivitl'.'. The resistivity- v:a;tues. for Cu++(BF4)2 deposits. 
t . 11 1 73 1 75 . n l T H . k . . 14 .P d th . ti . are yp1.ca y · • - • µ. i' cm. enric son .1.oun e res1s· •-
ity of' Cu++(BF4)2 deposits plated at 400 ASF to be 1.82 µ n·· cm. The 
increase of·resistivity over that.of annealed copper was attributed to 
internal-stress of the copper • 
I 
M. ME!CHANISM OF INFLUENCE ON PROPERTIES 
• 
Influence on properties of P.R. pl.ating seems to occur through· 
the alteration of the crystal structure resulting from, the' current 
, 
reversal and the anodic dissolution of the depos~t. Proposed 
methods of alteration are: The removal of ato~s _hot thermodyna-
mically in their correct positic:mS 8 to l"eSUlt in a more perfect 
structure; oxidation of the surface which, when reduced, maintains· 
the initial crystal orientation; 6 and QL renucleating. new grains 
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vlth slight mis~rientations.5,10 These~~?tects m,w compete or be 
t,_.-, •. 
·mutually exclusive. They do not necessarily inf11,?.ence properties 
·~ in· the same manner. The results are that the internal. stress of 
• 
the .deposit can be altered, the structure changed and ·the orienta-
tion influenced • Each of these in turn will affect. the mec.hanical 
. 
and electr~cal properties.. , Thus a large variety · ~t effects of 
P.B-. :plating are theoretically poss~ble • 
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. . ·. ( A. EXPERIMENTAL 'APPARATUS 
· In order to obtain reproducible data while vary·i_ng many plat .. ,,,, . • -··. • t' ,, •- ·- ... ·-~-·~.::":., :- ., • .,__ ',. ..• 
. . 
. 
• .. ing cycles parameters,· the plati:11g bath.• s state was held constant 
. -... . .. : .... ,. - -•- r ~·-·~ .- ·,.-. ~. ,, - ' ' 
to within reason~ble limit&.- The following set ot plating contli.-
r ') 
\ .• 
' 
tions were maintained:. 
Plati.ng Bath 
·Ass~, . 
. · . Temperature 
/\gitation 
Addition Agent 
1. Filtration: 
·copper fluoborate 
120 ± 5 gm/1 copper 
. 
20± 2 · gm/1 fluoboric ~cid. 
30 ± 1° C 
Clean Ai·r; Constant ·Flow 
None 
I 
The bath was continuously filtered through· activated carbon 
·• t.o remove organic contaminants, then through wound polypropylene 
,-, l 
. _,,.....,._ ! .,. •. : --- •.. '<·· f ---.-
' . ,· 
.. 
·./ 
•: 
to remove particulates. Filters were changed regularly prior to J 
any noticeable deposit degradation. 
2. Plating Tanks: 
.) 
Small sample pla~i~g was done in a 1500 ml polypropylene· plat-
• 
ing tank. Plati~g solution was heated to 30° C while filtered, 
then transferred to the tank for each plating run. The temperature·· 
was maintained by either the addition of cool solution or the use 
\ 
,. 
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~! • 
,:, __ ., ,jl, 
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. ' •, . 
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•, , I ,, ,. •.,· •Y , . 
\ I ' • I ,. -i. ~ + • ' • ; •; 
. ~'' 
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,. ,, .:-., ..• !...:..: .• 
• 
]:. ; 20,· .. · , 
' : : 'Ii 
• ' ~ ! .•• : ' 
,, 
:i-. ,·,, ) \ .'l ' .. 
/ . ',. ' ,. 
I •,.-ii • .,-, ' 
• ,.. ·,· 1' ., 
' . .' . . --,_ ~ . '· •: ,.,·, 
:,' ~\·.: \, ', •' •'-, •' . ~' " ' : ,' ,' •:i I ', • ' 
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.. __ .- . 
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··-~· 
\ 
\ 
.,, . 
• 
of a heater. Agitation was facilitated with an air sparger· having 
r -· • 
. 
a 10 SCFH flow rate. An OFHC copper anode with an anode to cathode 
ratio greater than one was used. Figure 3a and 3b shows the entire 
small sample plating set .. up and lists its various. components4! 
Large sample plating was. done in a :fif'teen gallon continuously 
~ 
'" ' 
. ~- .. ( . ' 
.. 
..... ~~.,, .• .;. . .i,;.,.~·,··t''.'11 ............ ·-, 
• 
,.; 4 filtered _plating tank (Figure· 4a-- and 4b, Component I). The 30°. C 
··.o: 
, 
thlllperature is attained by heating the bath_ prior to the plati~g 
. 
r 
run. Heat is removed· during plating runs by pumping -cold water 
___/from the refrigerated water reservior through the tank's· tetlon 
heat exchanger. The flow control-was given-by an_ I 2R Therm-o-watch 
temperature controller which triggered the water p11mp when the 
I 
temperature exceeded 30.5° C· and stopped it again when the tempera-
ture fell to 29.5°c. Agitation was maintained at 30 SCFH through a 
• 
double air sparger. An OFHC anode bagged in polypropylene with an . 
' 
anode to cathode ratio greater than one was used. 
3. Power SupPlies. and Switches: · 
F~r. the small sample p~, a 20 amp I<..epco Bipolar power 
supply was used whose PR waveform was triggered by a Wavetek signal 
~ 
. 
generator. The supply. was wired as a· constant qurrent_ source so 
• 
that variations in the plating bath's resistance did·not at£ect the 
current amplitude... (See Figilre .3a and 3b). · · · . 
-~. 
For large sample plating a 150·amp Sorensen power supply 
delivered current for the forward portion of the PR cycle while a 
-250. amp supply was . used for· the reverse portion. These supplies· 
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~ -IISCRIPTION 
l 
2 
3 
4 
5 
6 
7 
BIPOLAR POWER SUPPLY 
SIGNAL GENERATOR 
CONSTANT CURRENT PANEL 
1500 ml POLYPROPYLENE TANK 
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were switched by a .UPA 250 amp periodic reverse switch, which·was 
·connected so that an asymmetrical waveform could be. obtained by 
us-ing two j)OWer supplies. The timing of the cycle was adjusted 
to within 1/20 of a se·cond by utilizing an electric clock, ini-
f-· . . 
tiated by the current, as· a. calibration device·. · Fi_gures. 4a and,#b 
I, 
show the apparatus. 
4. Controls:~ 
· The bath was assayed daily using standard quantitative analy-
sis for copper a~d acid.· Deionized water wa\ added as needed to 
obtain the proper concentrations. A high current Hull cell test 
was then p~rformed to check the qu~lity: -·of t·he ·surface ·in the 
current density range of interest. 
\ EXPERIMENTAL DESIGN 
For each P.R. plating operation, the forward current density 
was fixed at 400 ASF because good DC deposits were· still obtainable. 
,. 
at th'a.t curr~nt density.and aiso because the equivalent current 
.. 
, 
densities for most PR cycles would remain higher than DC current 
·-densities commonly used in industry. 
The· C.D. ratio of 400: 400 was examined· because it is easily 
• 
attained and is most often utilized. The c.n; ratio of 400:1000 
. 
. 
was explored· becau~e t~e 1000 ASF reverse current density·. was 
• 
the highest obtainable on the 1/4 square foot cathodes us.ed ·in. 
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Relative surfaces of 10:2, 10: ;, and 10:9 were ·chosen to cover 
nearly the f11Jl range of those. possible from 10:0 to 10:10. The 
:frequency range used was low frequency of fr~m 2 cycles /minute· ( cpm) 
to 20 cpm. In this range the effect·s of PR on leveli~g may be 
,I t 4 
significant according te> theories presented in the introduction. The 
. 
· D C cycle at 400 ASF was used for a comparison ·from the analytical 
standpoint. 
~risons 
DC cycles of 150 ASF and others were plated for 
from a. practical standpoint • 
.An experimental matrix was outlined and executed to det·e-rmine 
the effects of varying the above parameters bath individually and 
simultaneously. 
c. CATHODE PREPARATION AND SAMPLE.GENERATION 
1. Small Sample Plating: 
Leveling.samples consisted of one inch square record master 
die pieces.. The irregular surface to be used in determining the 
leveling ability of the bath was prepared and moun~ed in a field 
shield as per Appendix IA. They were then plated·at different 
cycles to a calculated thickness of 4 mils, rinsed thoroughly, and 
N2 jet dried. 
2. Large Sample Plating: 
a. Throwing Power Samples: 
l) · Epoxy-glass composite boards 3. 5" X 511 X • 06" with· a 6 X 6 · ma.;. 
• 
trix of • 05" diameter throughholes were copper electroless--plate~:· .. 
-
.,.. --·-- .. '• ... · 
. ,. ,.. - ."-,: .··-°'; .' <· ':. : ·1 
then preplated to .1 mil at 10 ASF in a copper sulfate bath. 
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. -· 2) . Brass Plates 3. 5" X 5'' .X ·• 06~' with. a t~oughole pattern similar 
to.the· epoxy- boards were fabricated. 
Both 1 and 2 type samples were prepared and· mounted per Ap~ 
pendix IB to be used to measure throwing power · into deep blind 
holes. These samples were plated using different .waveforms to ·1.·5 
mils t~ickness copper; then they were rinsed and N2 jet dried. 
b. Physical Properties Samples: 
/' 
_ .. 
.1) Stainless .steel cathodes 9" X 7" X 1/8" having a five P.· inch 
Q 
. , 
'· 
(RM3 C~nter Line Average) ctLA finish were prepared and mounted in ·· 
a field shield as per Appendix IC. Copper foils 6" X 6" · X 4 mils 
were plated at cycles the same as those used in the small .sample 
generation. These foils were cut into 611 X 1/2" X 4 mils strips 
using a standard ASTM E 345-69 double bladed- cutter. 
. ' 
2) Contractometer spirals were prepared as per Appendix IC lines . 
2-10, mounted on a standard Brenner and Senderoff spiral contracto-
meter and plated at selected cycles to a thickness of two mils. 
Many deflection readings were ta.ken throughout each plating r~. 
D. TESTING 
1. Leveling 
The record master die samples were cross-sec~ioned perpendic 
ular to the line of the ridges, potted in epoxy and polished 
through 05. micron alimrlna using standard metallographic procedures. 
The samples were etched in. a solution o.f 20 parts of NH40H, 20 
parts 3% H2o2 and 60 parts H20_by volume and photographed at 20()X. 
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The quantities in Figure 5 (Results) were meas·ured over several 
·. peaks to the nearest • 05 mil using a Filar eye piece at 100 X. 
· 2. Throwing Power: 
Two center blind holes from e$ch sample were cross-sectioned, 
polished tllrough a .05 micron a1,1mina using standard metallographic 
. , ~ 
. . -
·procedures and etched in the previously mentioned .solution! The 
' . specimens· were then photographed at 50 x. The quanti tie.s shown i~ 
Figure 6 {Results) were measured to the nearest .01 mil using a 
. . . 
Filar eye piece at 200 X. 
3. Surface Roy.ghness: 
. l 
\ The center1· line . average surface roughness . was measured five 
-~·: 
.. 
.. 
times on each board and sheet using a Taylor-Hobson Talysurf 10. 
-The standard error is 3 µ inch. f . 
4. Tensile Data: 
Five tensile specimens from the center of each foil were tested 
.. in tension on an Instron Model TM tester. The following test con-
cli t 1ions were used: 
5. 
Gauge Length 
Thickness 
Width 
Crosshead Speed 
Strain Rate 
Knoop Hardness : ~ 
4 inches 
0. 004 inches 
0.5 inch 
.2 in/min 
• 05 in. per in per min 
·----
. . ' ' ,- . . . 
Ji' ( 
Knoop hardness was meas~e.d US·ing a Kno~p h~dness. t.e.s~er .. w:ith-, : 
J 
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50 ·gram load on the '12 p. inch side of each copper foil. An averqe 
ot ten readings was used • 
. ' 
• 
', 
6. Intenial Stress: 
.... 
The uncorrected ·stress was me·as~ed using a BreDller and· 
Senderof:f. · spiral · contractometer. \ 
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This was measured on a 10. cm length ot two copper strips tram·. · 
each foil. A .four point Kelvin bridge was employed with an accuracy 
::to 10-10 obrns. Samples were weighed to. the nearest 10-5· grams • 
...... 
--~-' 
The resistivities were corrected to 20° C. The following formula 
is valid for a 10 cm copper strip: -) . 
X {l + .00393 (T-20)) 
.--
R • Resistance in mi.cro ohms 
l 
W = We_igh.t in gr~;ms 
P = Resistivity in micro ohm cm. 
T = 'J'emperature·in ° C 
.,· 
----p = Precise between foils to !. . 005 micro· ohm cm • 
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The results of this study of the effects of periodic reverse 
plating on copper deposits from a eu++(BF4)2 bath fall into two . 
main catagories. First, there are the effects on the conformation 
of. the copper profile. Second, there are the effects on the 
physical and mechanical properties· of the copper. To some extent 
the . t d . d ~- . t~. . t . . . . 
. ~a.gni u es an ·.even 1:U:. na ure:o:f these··e:f'fects-:··are··.dependent 
on the amplitude of ~he deposition current densi~. Since the 
cu++(BF4)2 bath chosen has a high limiting current density, a 
dir~ct plating~current density { and PR forward current density) · 
of 400 ASF was used for this study. Not all of the subsequent 
• 
.. 
results can necessarily be genera1ized to apply- to the effects ot 
PR plating on lower current density copper deposits. This is 
especially true Qf the properties. 
A. EFFECTS ON CONFORMATION 
1. Leveling: 
Previous researchers have shown the ab~lity of Periodic 
Reverse plating to improve macro~throwing power over that of 
Direct Current ·plating in copper acid systems. 29,15,23. An 
• 
attempt is made here to ~how how the period4c reverse· .(PR) vari-
ables affect throwing· power in a copper flouborate -plati_pg bath . 
• 
The method chosen to measure throwing power was to measure the. 
ability of the cycle to level the uniformly spaced two mil high 
• 
protrusions faun~ on· a record master die. Figure 5 pictorially 
• 
represents :a cros$ section of copper deposited o'Y'er one of t;tie· 
ti 
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RECORD MASTER 
/ ./ 
0/o LEVELING = hi - h2 X 100 t 
0/o THROWING POWER = h I / h2 x 100 
. 
.. 
··,. 
'FIGURE 5 LEVELING .S.CHEME ,•. -, · .
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ridges. The percent leveling is given by the difference between 
.. .. . 
the height of the copper deposited in the recess end on the ridge · 
. 
divided by the ridge height. A leveling of 100% is obtained when 
\ 
the surface is leve-1 regardle.ss of the thickne~s •• A leveling of 
zero percentage (0%) indicates that equal heights ot copper are 
plated in the recess and on the ridge. This 1at·ter situation also 
corresponds to 100% throwing power as defined on Figure 5. 
Throwing power is a useful concept when dealing in the negative 
I 
leveling r~ge. 
As shown in Figure 2.,. the Periodic Reverse ~ycles used in 
this study had a range of equivalent current densities from 20 ASF 
• 
to 300 ASF. It ·is useful to know whether or not leveling can be 
achieved by simply using an equivalent current density direct 
• 
current (DC) cycle. Figur·e 6 graphs the throwing _power, on to 
record master samples, over a large range of direct plating current 
densities. The data shows a trend towards a throwing power of 
100% for miniscule current densities. Si.nee 100% throwi~g power 
corresponds to 0% leveling, there is no direct.current plating 
current density which results in sample leveling. Th~ drop in 
throwing power with increased current density indicates that- the 
accepted copper cyanide ~eveling mechanism is not functional in· 
the copper fluoborate system. 13 
The photomicrographs in Figure 7 show cross sectioned, 
The improvement in , po1ished, and etched record master samples. 
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leveling over direct current plating with periodic reverse plati~g 
r -· • 
can be seen · for a forward current of 400 ASF. 
. The effects of frequency ,on the leveling ability ot several 
periodic reverse cycles are plotted in Figure 8. . In general_, .. the 
effect of increasi,ng frequency is to slightly reduce the percent 
leveling. All sample.s were plated to the· same- thickness for . I 
' comparison purposes. It should be noted that cycles which exhibit 
leveling ability greater than 0% should p~tentially increase 
towards 100% as the plated thi~ness increases since these ·cycles· 
will continue to plate faster in the.recess .than on the peaks. 
' Any cycle having a leveli_ng less than 0% will continue to get 
rougher with increased thickness. Thus Figure 8 indicates the 
relative leveli~g ability of these cycles,not the ultimate 
percentage leveling. 
• 
At the higher frequencies there was an increased tendency 
. 
t~ar.ds nodularity formation. Cycles whose anodic periods were 
one second or less were all subject to nodularity. This is the 
behavior predicted by the p~oposed polarization.theory. As 
expected, increased 1agitation sµppressed nodularity on these 
samples. 
The effect of .increasing relative surface is apparent on 
Figure 8. For a fixed C.D. ratio of. 400:400 increasing relative 
surface versus percent leveling at two cpm will re·su1t in a .• 
~ 
nearly linear relationship wher,e ·leve~ing is improve.d 20% ~or 
• 
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each additional 10:1 increment in relative surface. The range over 
..• . . 
·which leveling is influenced by relative surface is seen comparing 
Figure 7a, 7b and 7d. Decreasing the current density (C.D.) ratio 
to 400:1000 had little effect on the percentage leveling of the 10:2 
and 10:9 relative surface cycles. It seems reasonable that its in- · 
fluence on leveling woul~ diminish at the extremes of relative surface 
where the a.mount of copper removed during the anodio half cycle ~-s 
' either very small or nearly complete. The.effect .of decreasing the 
C.D. ratio to 400:1000 at an intermediate relative surface of 10:5 
• 
was to greatly i~prove leveling at all frequencies. This ~esult is 
evident when .comparing the center two plots of ~igure 8. The 
pho,omicrographs depicting this effect appear as ~igure 7b and 7c. 
" 
Leveling of irregular surfaces can be facilitated then by the 
use of periodic reverse plating either through the removal of a· sub-
stantial portion of the newly deposited copper duri~g the anodic halt 
cycle or by the removal of about half of this copper at an extremely 
high current density. In either case the greater the proportion·of 
copper removed during·the anodic half cycle (the greater the relative 
s'Urface) the more rapid the rate of leveling will be. 
The advantage of using a low relative surface low-C.D. ratio 
cycle to obtain leveling over using a high relative s~face cycle 
is the substantial increase in efficiency and equivalent current 
·density gained. The use of a low frequency will assure a good 
nodular free surface. 
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2. . .Blind Hole Throwing rower,i 
. 
The. degree ot leveling is sometimes peculiar to the particular 
geome~ry of'· the irregular surface. To ascertain the throwing 
power i·nto through holes, brass panels consisti~g of a pattern of 
blind holes were plated. Throwing power into blind holes • 05- · in~hes 
in diameter and • 06 inches deep_ is depicted by Figure 9 · alo~g with 
the uniformity of the 1.5 mils of copper in the hole .• 
. Increasing the relative surface resulted in a progressive · im-. 
• 
provement in uniformity from ·20% :for direct current to 100% for a 
periodic reverse cycle with relative surface of 10:9. The throwing 
pow.er was improved from 20% for.direct current to 90% for a periodic 
reverse cycle of 4·00:4·00, ·10:9. A similar periodic reverse cy·cle 
with a C.D. ratio of 400:1000 actually deposited a greater thickness 
, 
of copper in the hole than on the· surface. The· possible .disadvant_age 
. 
of the periodic revers·e cy·cles· with high throwing power is a· thinness 
of the copper at the high current density hole e.dge. This effect 
was not seen on the·periodic reverse plating of holes in copper 
electroless plated epoxy boards, where the hole edge is less sh~rp. 
The profile of the copper deposi tee,. -into epoxy board holes by the 
periodic reverse cycle is more uniform than when deposited by the 
.direct current cycle. of the throwing power samples referred to 
were plated at 5 cpm. The effect of vary·ing frequency· was not con-
sidered because of its minor importance in the leveling of the 
record master s~les. 
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·3~. Surface Roughness:. 
The RMS center line aver.age (C.L.A.) surface .ro:ugbness ot the 4 
mil copper foil deposits can be considered to be a· measure of micro 
throwi~g power. All cycles resulted in ro:u,gheni~g of the or~ginal 5µ1n. 
C.L_.A. mirror surface. The 400 ASF direct current cycle ro:ughened at 
. . 
. · the most rapid rate, havi~~ a final ro:ughness of ~o ·" ,~n. Periodic 
. . ' . . ~-. . 
re,rerse plat.~~-g ·resul t~d. in. a· decreased rate of roughenir.ig.. In con- · 
' . 
trast to % macro leveli~g, the surface roughness increased from 35 ··to 
50 p. in. as relative. surface increased. Scanni~g electron mi··croscope 
shots of the surface of the· .three deposits . are shown in (~gure 10. 
The increased surface roughness at the high relati~e surface (10 :'9) 
' . 
seems to be_ .due to a· prefere~tial etchi:n.g at the_ grain boundaries, ex-
pos'i~g the large j~gged ·grains. Increasing the frequency at a relative· 
surface of 10 :5 and the C.D. ratio of 400 :400 resulted in an increase 
in surface roughness from ·38 µ.in.at 2 cpm to 60 µ. in. at 20 cpm. The 
increase was largely due to no~ularity, as noted previously on higher 
frequency leveling s~les. 
Reduci~g the C .D. ratio of 400 :1000 . had little effect on surface 
ro:ugbness at low :frequencies. The higher ··reverse current density did 
suppress the nodularity formation, giving a 15· to 20 µ.·in.improvement 
. ,,.-- • • I 
in C.L.A. surface finish at the 10 and the 20 cpm cycl,es • 
• 
B·. EF'F8ECT · ON PROPERTIES 
1. D.C. Mechanical.: 
The effects of· peritjdic reverse plati~g- on the mechm;tical prope!-
ties of copper deposited from a copper nuoborate plating bath were 
determined on 1/2" x .004". x 4" gauge length tensile specimens. These 
42 
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'·specimens were pulled ·in tens·ion at a strain rate ot ·• 05 inches per 
inch per minute. It was found that variations in the mechanical • 
properties of the copper could be accounted tor by the changes in 
pe~iodic reverse'cycle parameters. The mechanical properties·ot the 
~ mil thick· copper toil plated using direct current. at 4o.o .ASF are: 
Ultimate engineering tensile strength (UTS) = 52.4 KSI; final elonga~ 
tion = 10.1%; to~ess (defined as energy reqlJired to deform the 
material to its l.rl'S) = 3,800 in-lb./in3 and Knoop hardness KHN50 = 137 
kg/mm2• The high value of strength will be shown to be a result of t·he 
high internal stress of the· deposit. 
Lowering the direct current plating current. ·density to 150 .AS¥ 
(the equivalent current density periodic reverse cycle ·of relative sur.: 
face 10:5) only slightly reduced the strength.and increased the ·elonga-
tion and toughness. These va~ues· along with those tor 400 ASF Direct 
Current are reflected on the ordinate of the graphs to :follow. 
- ·2. .PR Mechanical: 
\ 
~· < ... 
The effects ot,· both frequency and relative surface on a me.chani·cal 
, 
property are presented on each plot so that a feel for the relative in-
fluence of' both of these parameters can be gained.. In each case, the 
... .,.,,,, 
---- I effect of frequency is carried out at a constant relati·ve surface of. 
10:5 and C.D. ratio of 400:400 while .the effect of relative surface is 
carri.ed out at a constant frequency of 5 cpm ·and C.D. ratio of 400:400. · 
. Each curve is only applicable to its own ordinate scale. 
The ultimate tensile. strength (UTS) of periodic reverse plated·.· 
copper can be higher than that of direct current plated copper as seen 
·in Figure :\-.1. As the relative surface • 1S increased, the UTS drops from 
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· · 57.8 KSI to 33·~ 7 KS:r, nearly· the· strength ot annealed copper. (see 
solid line and l<Y1er axis ot Figure 11). Measurements ot Knoop hard-
. . 
· · 2 · 2 
ness gave a similar decrease; from a KHN 50 of 160 kg/mm. to 125 kg/mm 
:"'1th increasing relative surface. The dashed line and the upper.ordi-
·) 
nate of Figure 12 ,how that varying frequency· from 2 to 20. cpm resulted· 
. 
. ' . 
in' a 10.·5 KSI increase in strength though· the etfe.ct is~,. diminishing 
. I • . • 
• 
. . 
. with higher frequency. ·This increase· in -frequency al~o resulted -in· a 
' 
20 kg/mm.2 increase in ICHN50• 
The. percent final ·elongation is incre.ased over di·rect current plat-
. ' . . . 
.. 
ing with periodic reverse plating. In this case the higher the rela-
• j 
•• 
tive stl'rface, the gre.ater the percent elongation to fajlure. Final-
e1ongation at a relative surface · of 10: 2 was 10. 2 per.cent and increased 
to 22~2 percent at a relative surface of 10:9. The solid line of 
Figure 12 marks this trend -where as the dashed curve shows that .in-
creasing frequency from 2 to 20 cpm caus~s a decrease in final elonga-
tion from 17.6 to 10·.2 percent. Figure 12 does show that tl;le limited 
frequency r~ge tested had nearly as much influence on final elonga-
tion as did relative surface. 
. 
The elongation and strength data illustrate th-tit_ a cycle parameter 
_,,.,,,,.-· 
--~ 
change which tends to de.crease the ·stren·gth of the copp_er will increase 
·in its final percent ~longation and thus its. toughness. The toughness 
o:r the copper takes both · strength and elongation into account in repre-
senting the energy ~equired to plastically deform it to the tJl'S. In 
. 
. 
Figure 13, the toughness of all periocli·c reverse deposits is · seen to be 
higher than either dire·ct current deposi·t. Employing a high relative 
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aurt&ce raised· the toughness to 7()70 in-lb~ /in3, nearly twice its 
direct current value. Decreasing frequen_cy from 20 to. 2 cpm raises 
t~ughness.by over 2000 in-lb./in3 • 
- ""·• 
.. 
The'curves·in Figure 11,12 and·l3 were rerup at a reverse current 
·density of- 1000 .ASF. The decrease in c .. D. ratio res~t.ed in a dis-
· placement · of all the curves but did not, affect. the ·trends. 
. 
. . 
The ten-
-· 
sile curves were di~placed. downward approximately 7000 KSI. ·. The tinai. 
; 
elongation curves are ·displaced upward by appro~mately .4" percent and 
. 
the to1Jgbness curves are displaced upward approximately 1000 in-lb./in3•· 
It is possible then to obtain a wide range of mechanical properties 
. ' by, manipulating periodic reverse plating cycle parameters. Relative 
surface has the greatest influence on properties but it is not always 
. 
. 
practical to change since a high relative surface has a low efficiency· · 
tit:" 
. ,··· 
.. ·1 .. ,. 
and a low relative surface can give poor throwing power. The· results 
show that a large influence on mechanical properties can be had by 
simple variation of :frequency over a limited range while maintaining.a 
• - --,~· ..... _._,- ~-l •(':·,,., ·-:--:;' ... -r, ... l" ..• 
chosen relative surface and that further aqjustments are possible by·· 
varying the c.n. ratio. 
.. 
3. Stress and Structure: 
--· . Insight. in~o the mechanism of, influence of periodic reverse plati_ng 
on mechanical properties can be_ gained.by looki~g at the intenial stress 
· and structure of several depo~i ts. Since high internal stres~ is 
associated_with copp~r deposi~ed from the copper flouborate plating 
~ 
. 
bath at high current densities14,21 the high strength of the 400 ASF · 
fl 
, direct current deposit· is attributed to .high· intern'11 stress. The ·ract 
. . ( 
49., . .. :< .. _ .··'' 
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.. ,,: 
,., .\ ; 
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· < that increasi_ng relative surface 
. ' 
' ' 
··- .. . 
•.' 
.... 
annealed level 
leads one to speculate that periodic reverse plating may· reduce the· 
· ~tress· of such copper deposits. The i·ntemal stress of a 400. ASF · 
direct current deposit and two periodic reverse deposi'ts was measured 
' . as a function of ·deposit thick~ess and appears .in Figur~ 1·4. The re-.· 
' ' 
aw.ts confirm that periodic reverse plating can reduce the _stress of 
. . 
' . ,. . . 
. "' 
copper plated at high' cur_ren~ densities· from 'tt . copper flouporate bath · · 
by as much as6000 PSI. rt· further shows that initiallT the· stress in 
.. 
'. 'v 
. . ~ . 
•· 
the periodic· reverse deposits is higher tli.an in direct current deposits~ · ,·'. 
This would be expected according to the Cry·stal Coalescence· Theoey,27 
:,. ....... 
if the morphology changed more rapid.1y in ·the periodic reverse case.· 
Decreasing the periodic reverse ·frequency gave a larger initial 
stress due to earlier coalescence forces. As thickness increased, the·. 
stress level dropped to below that of the higher frequency since the 
forces are not increasing as rapidly as thickness. The lower stress · 
can also be attributed to a smaller number of crystallites. 
The -reduction of stres.s with periodic reverse plating can explain 
·.~ . 
the decrease in deposit strength with- increasing relative surface but 
· · it does not provide· an adeq~~te ~xplanation for the wide. range of 
---strengths levels obtainable by frequency variation. The strength of " 
the 400 ASF direct current deposit.and the 400:400, 10:5 20 cpm de-
posit shown in Figure 14 are nearly equal (52.4 and 51.8 KSI respec-
tively.). To explain this there· must be a strengthening mechanism in 
. 
l)eriodic reverse.plating which competes with stress reduction as tre-
quency is increased. 
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Photomicrographs· ot the· copper toils tested reveal dramati9 •' ' 
. 
changes in structure with changing plat:t_ng cycle~. Four etched · copper 
toil cross sections . are shown in Figure 15 with their base metal side 
tacing the bottom. M~tal deposition took place upvard. The lowest 
toil was DC plated at 4·00· ASF. It shows a zone of large grains which 
approximately duplicate the structure ot the· base metal. The structure 
• 
then shifts to the bath controlled·_fi'he fibrous structure. The differ-
. . 
ence in orient.ation, 1attice parameter, and grain size between -the 
two · structures le•ds to .. a large . ~nternal · tensile stresfi in the tine 
. . : . . 
. - . . '· 
. . 
fibrous region •. · iin the>peri.o~-c reverse: cycles as relative surface 
f • II • -
• • • 
' 
is increased, the base metal structure zone narrows . and disappears 
_reducing coalescence forces·. At the· same time,· th.~ grains increase 
,, 
in size from fine fibrous to coarse col11mna.r. The· increase in. grain 
size' reduces the str~ss in the· deposit and- reduce·s its stre_ngth, as 
would be expected from the Petch relationship. Further control of 
the grain size is exhibited by· periodic reverse cycle frequency. The 
photomicrographs in Figure 16 show that the grain size. of a 400:400, \ 
10:5 -cycle is reduced as frequency increases. This,alo~g with the 
-narrowing of th.~ epitaxial zone, accounts for the high stre:t1gth ot 
y 
~he-. high frequency periodic reverse deposits compared to direct .. 'i': ,, 
current deposits even. though their int.ernal stresses are· lower. 
' The effect on grain size ot decreasing the· C.D. rati.o to ·400:iOOO. · 
was to cause a slight increase. The grains also looked. more highly 
oriented. The strength decrease resulting from decreasing the· C.D. 
ratio is a product of these structural-changes. Once _again the effect 
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was most ·noticeable at the mid relative surface range. 
Periodic reverse plating of copper from a sulfate bath has been ... , .. _._ ·.·-- ..... · . · 
sai·d to cause an incre~se in · internal- stress of the deposit. 5 Yet . 
when Walker2 used a high relat·i ve surtace cycle a reduction was ob-
. tained. The· effect on internal stress and structure, of periodic re-· 
verse plating from the copper sulfate may also be a ~omplex function 
·--' 
.. 
. .. ' 
, . : •' 
... ···•·:·· ... ". - . 
. .... · . 
• • • w ' • - ,- • - • ~ • • • ··,---.'·•·· ···:··--........ '""'"J __ ,,_ ~,. ~ 
of plating cycle parameters and forward cur:rent density •. · If me·chanisms 
similar to those operational in the Cu{BF4) 2 bath. were functional in 
the copper sulfate. system, the apparent in·consistency of results pre-
sented in the introduction and discussion could be explained. Further 
at high current densities, one would expect a decre·ase in tensile 
·strength, and internal stress in copper deposits obtained by utilizing 
a low frequency, high relative surface cycle in the sulfate· system. 
4. Resistivity: 
The resistivity of the copper foils plated for the study of 'me~han-
ical properties was measured and corrected to 20° C. The resistivity 
of the 400 ASF Direct Current deposit was 1. 82 µ. n-cm. Resistivity 
decreased linearly with increasing relative surface to a value of 1.73 
,,. n -cm. This trend is further evidence of the ability of ·periodic 
reverse plating to reduce the internal· stress of' high current density 
deposits. Increasing frequency caused· the resistivity of a 10:5., 
400: 400 cycle to increase • 03 µ. Q-cm over the range of 2-20 cpm. 
Freque:g..qy, relative surface and the C. D. ratio all affect the resds~ 
ti vi ty of the copper, as does the amplitude of the forward current • At 
400 ASF, periodic reverse plating reduces th~ resistivity from that of 
55. 
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:a:trect current by affecting the stress and the structure ot· the .de-
. 
' posit. Changes which result in decreasing internal stress and increas-
ing grain size also resulted in lower resistivity. 
~ For a given set ot plating condit,ions there is a definite rela-
. 4, 
I 
. ' 
tionship between the deposit's UTS and its resistivity • .An analysis 
,. ot the effects of periodic : ·reverse parameters on both t11'S and resis-
• 
. ti vi ty reveals that a given increase in strength will result in . a 
· larger increase in resistivity if brought about by increasing frequen-
cy than by decreas·ing relative surface. Copper deposited at the low 
C.D. ~atio of 400:1000 had a higher resistivity tor ·a given.~trength. 
than did copper periodic reverse plated at a C.D. ot 400:400. ·. The best 
combination ot mechanical properties and resistivi.ty.wi11 ,occur then 
' 
at a current density ratio of one and at the lowest frequency cycle 
. . 
', ' 
. - . 
which will result in the desired properties. 
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. A· ., . CONCLUSIONS ON.CONFORMATION 
The effects of PR plating on conformation were consistent with 
· ·the mechanism of influence on throwing power out1i~ed in· the introduc~ 
tion. Macro and micro throwing power did tend ·t·o · ch~ge in opposite 
directions. The improvement in throwing ,power obtained from sulfate 
I 
· . 2 4 9 &23 · · · · 
.baths ' ' ' with PR plating was also obtained tr®t the Cu{BF4)2 
• • :. I • ~.. .-
. bath. From this· systematic studT, the f'ollowi~g conclusions tor ·PR,· 
plating in the Cu(BF4)2 plati~g· sy.stem can be .drawn. 
(1) The· leveling ~bilit7, throwing power, and surface ·finish 
ot all periodic reverse cycles were superior to those ot 
the,400 ASF DC cycle. 
(2) Actual leveling can be achieved with· some·.·PR· cycles whereas·• 
no DC cycles result in leveli.ng. '· ...... 
.. 
(3)· ·Increasi~g relative surface results in ·more ·rapid leveling 
. . 
- ... . .•' . 
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and better ·throwing power altho~h it ·worsened tbe surface 
rQughness. 
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{Ii) Frequency· had only a very ·m1nor effect· on leveli_ng, throw--. 
i~g power and surface · r~ughness, tho.ugh 11:igh frequency 
cycles were dispo~ed towards nodularity formation. 
. ~.-:-
-- · 
(5) Reduci;ng the· C.D. ratio to ·400:-10·00· had little effect at 
the extremes of relative surface but .. did .greatly improve 
the tendencies of the 10:5 cycles. 
. . .(6) Without the use of an additive, rapid leveling and improved 
thr~ng power and surfar;:e roughness can be achieved with 
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a·4oO:lOOO, 10:5, 2 cpm cycle whose equivalent current 
density of 150 .ASF is several times higher than those 
. . 
comnonly used iri industry •. 
• • _,. -·'!" ... -- .. .. 
B. CONCLUSIONS ON PROPERTIES 
(' .. '' . 
The stress and. structure results reveal how the grain .size of· 
, 
copper deposited from a copper fluqborate bath can b~ varied from 
. -· 
• 
~ . •" . 
sma.ller than those in a direct current deposit to a large annealed-like~ 
size, and how the transition zone for coalescence can be narrowed 
• 
-through the use of periodic reverse plating. 
The effects of periodic reverse plating on the copper's mechani;cal 
and physical properties can be directly rel·ated to these results. From 
the study of plating cycle parameter variations, the following conclu-. 
sions can be drawn for the Cu(BF4)2 plating bath: 
(1) DC plating of copper at high current density results "in a 
high strength, low toughness deposit because ot its high 
internal stress and fine structure. 
- . (2) PR ·plating of c<;:>pper can result in a high.er stre~gth. deposit 
than DC plating by reducing the extent of the epitaxial 
zone and refining the structure·. 
(3) Toughness and percent elongation change in the s·ame way 
with varying cy.cle parameters ·and change_ inversely with 
strength • 
'· 
( 4) · Increasing relative surface r.~su1 t·s .. in· decreasi.ng strength. · .. 
. . . . . . . . 
. . . \ 
and .incre~sing· final elongation through a redu_ction ·in 
internal stress and an increase grain size. 
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{5)' · Increasing frequency over a limited.range increases 
strength and decrease percent elongation to nearly-
'-" • - ' I 
the same eX:tent as does varying relative surface by -· ··· -~ 
giving a smaller gi;ain size at a higher frequency. 
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(6). ·Reducing the C.D. ratio gives the same t~ends in 
prop·erties shifted to a weaker, more ductile level 
through a slight increase in grain size. 
--- -·-. - - - ... "--·-. •-.-··· -- ...... _.. ..... --.--~~ , .. ~ '_·,~-,.. 
• 
( 7) The particular advantage of using a periodic reverse 
plating cycle is that low stress copper deposits can 
be obtained without sacrificing strength, ductility, 
• 
toughness or resistivity. 
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APPENDIX I gA'l'BODE PREPARATION 
. 
A. RECOBD MAS1·ER SAMPI,ES : 
I 
. 
(1) Cut l" x l" sample trom record· die. 
(2) Degrease 10 minutes in tricl.oehelane. 
(3) Rinse in D.I. water ~d N2 j~t dry. 
' (4) Ultras·onicly clean _10 minutes in acetone. 
(5) Rinse · in D.I. water and N2 jet dry. 
(6) Tape the bare end ot a tetlon insulated wire to b0,ck, 
covering entire back with platers tape. 
(7) Activate by agitating sample in 20% HC.l tor 5 minutes. 
( 8) Rinse in D.I. water for 5 minutes and N2 jet dry. 
(9) Insert sample in polypropylene field shield to insure 
uniform current distribution. (See Figure · 17) 
FIQJJE J7 .JECDRD 1'STER 
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B. PLATED BLIND HOLES: 
• 
(1) Burnish sample with fine Scotch-Bright Pad. Blow ott dust. 
r . ' 
( 2) Rinse in D. I. water 1 minute. Dry with N2 jet. 
(3) Degrease with acetone rubbing where necessary. 
(4) Rinse 15 minutes in running D.I. water. Dey ~ing dry 12 Jet. 
(5) Etch in 20% fluoboric acid for five Jllinutes. 
(6) Rinse 15 minutes in running D.I. water. Dry using dry· N2 Jet. 
(7) Tape entire back of board and all but a ·311 square ot ·the front. 
( 8) Tape board to 3" x 3" x 1/4" opening of polypropelene field 
shield. -( See Figure #18). 
(9) Just prior to plating, using a plastic ~yringe, inject standard 
plating bath into each blind hole to insure absence of.air 
bubbles. 
FIWIE 18 BLIND· mtES 
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-C. STAI1'LESS STEEL CATHODES: .. 
(1) Bemove protective paper tram polished. surface at stainless plate. 
(2) Clean with acetone and towel. 
(3) Rinse two minutes under rurini~g water. 
(4) Tape entire back and $.11 but' 6" X 6" square ot tront ot stainless 
steel plate. 
1111 . .. "" 
. . (5) Wash polished surface with glassware soap until it. _is vater:..brealt -- - -- ---
clean tor two minutes • 
(6) Rinse in D.I. water tor two minutes. H2 jet dry'. 
(7) Activate in 20% HCl solution for five minutes. 
(8) Rinse in D.I. for five minutes. N2 ·jet dry'. 
' {9) Insert in 6" X 6" X 1/2" polypropylene field sbiel·d. 
' . . . 
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